Creep rupture tests were performed for a die-cast Mg-Al-Mn alloy, AM50, at 34 kinds of creep conditions in the temperature range between 423 and 498 K. The creep curve is characterized by a minimum in the creep rate followed by an extended accelerating stage. The minimum creep rate ( _ " " m ) and the creep rupture life (t rup ) follow the phenomenological Monkman-Grant relationship; t rup ¼ C 0 = _ " " m m . It is found for the die-cast AM50 alloy that the exponent m is unity and the constant C 0 is 0.13, independent of creep testing temperature. The values of m and C 0 are compared with those for other die-cast magnesium alloys.
Introduction
Magnesium alloys, as lightweight structural materials, have recently received great interests in their real and potential applications in the automobile industry to achieve high fuel efficiency. 1) There is a strong need for the development of magnesium alloys with superior creep strength in the operating temperature range for automotive powertrain components.
2) Although the creep properties of magnesium alloys have been extensively investigated and discussed typically in the last decade, [3] [4] [5] long term creep data are quite limited for the alloys in spite of the engineering importance. 6, 7) The times to creep rupture for metallic materials correlate with minimum creep rates through the phenomenological Monkman-Grant relationship. 8, 9) Monkman and Grant showed that the overall rupture life, t rup , in long term tensile creep tests is inversely proportional to a power function of the minimum creep rate, _ " " m :
where the values of m and C 0 are constants depending on the material and/or creep testing temperature. 10) This relationship has been demonstrated to hold for heat resistant structural materials such as ferritic steels, 11, 12) nickel base alloys, 13) etc. Die-casting is a dominant processing route to produce magnesium components due to its high productivity of complex near net shape parts.
14) The AM (Mg-Al-Mn) series alloys are the most commonly used magnesium alloys in automobiles because of a good combination of mechanical properties, corrosion resistance, and die-castability.
15) The aim of this study is to present long term creep data of a die-cast AM50 alloy, and to evaluate the Monkman-Grant relationship for the alloy.
Experimental
The high-purity magnesium alloy of AM50 (Mg-5.42 mass%Al-0.28 mass%Mn) was produced using a cold chamber die-cast machine, at the casting and die temperatures of 993 and 473 K. The casting plates (150 Â 70 mm 2 ) had a stairlike shape with three thickness gradations from 1 to 3 mm. Specimens for the creep tests with a gage length of 28 mm and a rectangular cross section of 6 mm Â 3 mm ( Fig. 1) were taken from the 3 mm thickness sections. The axes of the specimens were parallel to the 70 mm direction of the plates. The microstructure of the AM50 alloy produced by die-casting consists of the (Mg 17 Al 12 ) phase in the matrix of the magnesium solid solution.
16) The average diameter of the grains in the specimens is 9.2 mm, and the particles are mostly located on the grain boundaries. 17) Creep rupture tests were carried out in air, using lever arm creep machines at 423, 448, 473 and 498 K, under initial applied stresses varying between 10 and 120 MPa. Samples were heated with an induction coil achieving an accuracy of 2 K along the length of the specimen. Before loading, the specimens were held at test temperatures for at least 1 hour in the creep furnace, to stabilize the temperatures of the specimens. The creep strain was measured using a vertical extensometer attached directly to the gage section of the specimens and was continuously recorded by linear variable differential transformers (LVDTs).
Results and Discussion
The creep curve for the alloy tested at 448 K under 30 MPa is presented in Fig. 2 , as a typical example. An instantaneous strain with the magnitude of about 0.1 pct takes place at the stress application, and then the normal transient creep follows. It is found that the elongation to rupture is 22.5 pct at this creep condition. The creep rate, obtained from the creep curve by differentiating the creep strain with respect to time, is plotted against time in double logarithmic coordinates in Fig. 3 . The curve shows a downward curvature in the whole of creep. A minimum in the creep rate is detected at the creep time of 100 hours, indicating that the creep of the alloy is predominantly occupied by the accelerating creep region rather than the transient creep region.
The creep rupture tests have been carried out at 34 kinds of conditions in this study. The creep test conditions and resulting data are summarized in Table 1 . The parameters include test temperature (T), applied stress (), minimum creep rate ( _ " " m ), rupture life (t rup ), elongation to rupture (" rup ) and reduction of area for the ruptured specimen ( rup ). The values of " rup and rup are almost $20 and $25 pct at each creep condition, while a considerable scatter is detected typically in the value of " rup . Die-cast components usually contain micro-porosities which adversely affect the rupture elongation.
18) It has been demonstrated for the AM50 diecast alloy that the distribution of micro-porosities strongly depends on several process parameters in the die-cast process. 19) Minimum creep rates for the AM50 die-cast alloy are summarized as a function of stress in Fig. 4 . Two distinct creep regimes, the low and high stress-exponent regimes, are observed at each temperature. Hereafter, the low and high stress-exponent regimes are designated as Regime I and Regime II, respectively. The critical stress of Regime I and Regime II is 95 MPa at 423 K. With increasing temperature the critical stress decreases to the value of 50 MPa at 498 K. It is noteworthy that a much smaller exponent is detected for the stresses smaller than 20 MPa at 498 K. The stress exponent n is 6 in Regime I, while the creep rates in Regime II are characterized by the slope of 13 at 423 K. The values of n in both the regimes slightly decrease with increasing temperature and become 4 and 8 at 498 K in Regime I and Regime II, respectively.
Creep rupture lives for the alloy are summarized against stress in Fig. 5 . The rupture life decreases with increasing the test temperature and applied stress. A two-stage relationship is detected at each temperature, demonstrating that the transition of the two stages occurs at lower stresses with increasing temperature. The transition takes place at 95 MPa at 423 K, and the transition stress is reduced to 50 MPa at 498 K. It is identified that the two stages in Fig. 5 correspond to the low stress-exponent regime (Regime I) and high stressexponent regime (Regime II) in Fig. 4 , respectively.
The correlation between the minimum creep rate and the rupture life for the AM50 die-cast alloy is shown in Fig. 6 . The two-stage relationship detected in Figs. 4 and 5 is dissipated in the figure. All the 34 kinds of data fall on the single line with a slope of À1 independent of creep testing temperature and stress regime. This indicates that the creep rupture of the AM50 die-cast alloy follows the MonkmanGrant relationship in the rupture life range from a few minutes to one thousand hours. The exponent m in eq. (1) is unity and the constant C 0 is identified to be 0.13. The exponent m ¼ 1 may result from the similar shape of creep curves for the alloy, irrespective of the testing condition.
A combination of minimum creep rates and rupture lives for die-cast magnesium alloys has been reported for AZ91D 20) (Mg-8.5Al-0.67Zn-0.25Mn, in mass pct) and Relationship between Minimum Creep Rate and Rupture Life for a Die-Cast Mg-Al-Mn AlloyMRI153 21) (Mg-9Al-1Ca-0.7Zn-0.1Sr) alloys. The experimental data for the alloys are included in Fig. 6 . It is noted that the creep tests have been carried out at 423 K for the AZ91D alloy 20) and at temperatures between 423 and 473 K for the MRI153 alloy. 21) The plots for the alloys are arranged by the straight lines parallel to that for the AM50 alloy, indicating that the value of the exponent m in eq. (1) is unity for the die-cast AZ91D and MRI153 alloys. On the contrary, the value of C 0 depends on the material, i.e., C 0 ¼ 8:4 Â 10 À2 for the AZ91D alloy and C 0 ¼ 2:3 Â 10 À2 for the MRI153 alloy. The C 0 value in the Monkman-Grant relationship for die-cast magnesium alloys decreases by the addition of alloying elements such as Al, Zn and Ca, which would presumably result from the reduction of creep ductility. 22, 23) 
Conclusions
The creep behavior of a die-cast AM50 magnesium alloy was studied in the temperature range between 423 and 498 K. The creep curve for the alloy is characterized by a minimum in the creep rate followed by an extended accelerating stage. The minimum creep rate ( _ " " m ) and the creep rupture life (t rup ) follow the phenomenological Monkman-Grant relationship; t rup ¼ C 0 = _ " " m m . It is found for the AM50 die-cast alloy that the exponent m is unity and the constant C 0 is 0.13, independent of creep testing temperature. The value m ¼ 1 is generally detected for die-cast magnesium alloys. On the contrary, the value of C 0 depends on alloy composition, which is reduced with increasing the concentration of alloying elements such as Al, Zn and Ca.
